Metal complexes bearing vic-dioxime ligands have been extensively used as analytical and biochemical reagents, and are well-known antimicrobial agents. Herein is reported a DFT study on the molecular structures, thermodynamic properties, chemical reactivity and spectral properties of some 3d metal(II) chloride complexes of glyoxime. The functionals B3LYP and CAM-B3LYP have each been used in conjunction with LANL2DZ for the metal(II) ions (Fe 2+ , Co 2+ , Ni 2+ and Cu 2+ ) and the Poplestyle basis set 6-31G+(d,p) for the rest of the elements, to perform theoretical calculations. The metal complexation abilities of the glyoxime ligands studied in this work have been evaluated on the basis of metal-ligand binding energies. These ligands were found to have high affinities towards Ni(II) and Fe(II) ions, and all complexation reactions were found to be thermodynamically feasible. Ligand-to-metal electron donations in the complexes studied have been revealed by natural population analysis. The fully optimized geometries of the complexes have adopted square planar structures around the central metal ions. On the basis of orbital composition analysis, the UV-Vis electronic absorption bands of these molecules have been attributed mainly to MLCT, LMCT and d-d electronic transitions involving metal-based orbitals.
Introduction
The interaction of a central metal with surrounding ligands (atoms, ions or molecules) has been of significant interest in coordination chemistry. In the past decades, the coordination chemistry of transition metal complexes bearing oxime ligands has been a subject of intense studies owing to their applications in many scientific domains like biomedical and electrochemistry. Synthesis of Co(III), Ni(II) and Cu(II) complexes based on two glyoxime derivatives namely: dianiline glyoxime and disulfanilamide glyoxime were envisaged and were found to be effective as stimulators in biosynthetic processes of enzymes in some fungi strains [1] . In one review, the synthesis of phenolic oximes and their complexes were reported to be more effective in commercial metal recovery processes based on solvent extraction as a result of their remarkable stability [2] . These studies have been motivated by the fact that oximes are important analytical, biochemical, and antimicrobial agents. They have equally attracted much attention due to their structural features and their uses as liquid crystals and dyes [3] - [6] .
Vicinal dioxime derivatives act as amphoteric ligands due to the presence of weak acidic -OH groups and basic -C = N groups. As such, they are capable of forming highly stable complexes with most transition metals in the periodic table. The exceptional stability and electronic properties displayed by these complexes are attributable to their hydrogen bond-stabilized planar structures [7] - [9] . These complexes have been extensively used for various purposes owing to their high stability, suitability as model compounds for vitamin B12 and as chelators in trace metal analysis [10] [11] . These compounds also play a significant role in domains such as stereochemistry, structure isomerism, spectroscopy, model systems of biochemical interest, cation exchange and ligand exchange chromatography, analytical chemistry, catalysis, stabilizers, polymers, photography, technological improvement, pigments, and dyes [12] - [16] . Furthermore, they have been identified as compounds capable of columnar stacking, which may enhance semiconducting properties [17] . It is well established that different ligand types can affect the stabilities and properties of complexes in various ways. As such, the substitution of some dioxime groups or fragments can significantly modify the structures and stability of its complexes. The stability resulting from metal ion chelation by glyoxime ligands in the complexes currently studied is also dependent on the type of central metal ion present. This research is geared toward facilitating the construction of new vicinal glyoxime derivatives capable of forming very stable 3d metal(II) complexes, and which can be used in trace metal analysis.
After a detailed literature survey, we have found to the best of our knowledge that very little theoretical studies have been carried out on glyoxime complexes till date [18] [19] . Moreover, spectroscopic and X-ray crystallographic studies on these molecules have not been performed. In the present paper, density functional theory (DFT) studies have been undertaken on some 3d metal(II) chloride glyoxime complexes. Specifically, the structural, thermodynamic and spectral properties as well as the chemical reactivity of these compounds have been studied. Quantum chemical computations have been used in this research endeavor because they have become an established method for the prediction of novel structures and properties in the last decades. Interestingly, they constitute a powerful tool for analyzing the properties of coordination compounds, and are widely used nowadays to complement experimental works.
Computational Procedure
All theoretical calculations were performed using the Gaussian 09 program package [20] . Molecular geometries were optimized in vacuum using the B3LYP exchange-correlation hybrid functional in conjunction with the LANL2DZ basis set for the central metal ions and the Pople-style basis set 6-31+G(d,p) for the elements: C, H, O, Cl and N. All optimized geometries were characterized by vibrational frequency calculations at the same level of theory as that used for geometry optimization, and only real frequencies were found confirming the optimized geometries as minima on their potential energy surfaces. For all theoretical calculations, we adopted the restricted closed-shell model for the closed-shell Ni 2+ and Fe 2+ complexes and the unrestricted model for the open-shell Co 2+ and Cu 2+ complexes. All complexes were treated as low spin species.
Natural population analysis (NPA) calculations were performed using the NBO 3.1
program as implemented in the Gaussian 09 package [20] at the same theoretical level as that used for geometry optimization calculations. TD-DFT calculations were performed on the optimized ground state geometries of the molecules under investigation, in order to simulate their absorption spectra [21] [22] . In these calculations, excitations to the first 20 singlet excited states were considered, and the CAM-B3LYP functional was used together with the same basis set as that used for geometry optimization.
Results and Discussion

Molecular Geometry
The square planar schematic structures of the investigated 3d metal glyoxime complexes, showing atomic numbering are presented in Figure 1 . angles, and dihedral angles) of the ground state geometries of the molecule studied optimized at the DFT/6-31+G(p,d)/(LANL2DZ for metal ions) level, are listed in Table 1 . Table 1 . Main optimized bond lengths (Å), bond angles (˚) and dihedral angles (˚) of metal 3d glyoxime complexes at B3LYP/ 6-31+G(d,p) with LANL2DZ for metal(II). These values ought to be compared with those obtained experimentally, but X-ray crystallographic data is not available in the literature for these complexes. It is clear from the values in Table 1 that all complexes studied are nearly symmetric, and possess two intra-molecular hydrogen bonds (O-H … Cl) each, between the hydrogens of the oxime group and the chloride ligands. These hydrogen bonds contribute in stabilizing the complexes and in maintaining a square planar geometry around their central metal ions. It is evident from Table 1 
Thermodynamic Properties
In order to investigate thermodynamic properties of complexation reactions, statistical thermodynamic calculations were carried out at 1 atm and 298.15 K. To investigate the stability of the complexes studied, the thermodynamic parameters: binding energy (∆E int ), Gibbs free energy (∆G˚) and enthalpy (∆H˚) of formation were calculated.
Complexation Energy
The complexation ability of the ligands with different metal cations is characterized by their binding energy as defined in Equation (1).
where E Complex , E Ligand , E Metal(II) and E Cl are respectively the thermal energy of complex, free glyoxime ligand, free metal ions and free chloride ligands. A large variation in the complexation energies is clear from Table 2 . The binding energies are negative in all cases, implying that the complexation reactions are highly favorable. For all the ligands studied, the most negative complexation energy values have been obtained for the formation of the Ni(II) complexes whereas least negative values have been obtained for the formation of the Cu(II) complexes. Hence, the ligands exhibit their greatest affinity toward the Ni(II) ion and the least toward the Cu(II) ion. For instance, the complexation energy for the formation of 1d is higher than that of formation of 1c by 49 kcal•mol −1 . Generally, more negative complexation energies are more thermodynamically favored. Based on this fact, it can be concluded that the formation of the Ni(II) complexes is most favorable of all the complexes investigated. It is worthy of note that the formation processes for the complexes bearing ligand 4 are most favored.
Gibbs Free Energy and Enthalpy Change
Besides binding energies, the standard complexation Gibbs free energy (∆G˚) and enthalpy change (∆H˚) were also calculated using Equations (2) and (3) and the results are presented in Table 2 .
( )
It is clear from Table 2 that the complexation Gibbs free energy change for the formation of all complexes investigated is negative, showing that the process is thermodynamically feasible at ambient temperature for each complex. The formation processes for the nickel complexes (1c, 2c, 3c, 4c) have been found to be the most exergonic and, therefore, the most favored compared to the formation of the other complexes. Similarly, the enthalpies of the complexation reactions that yield the complexes studied have been found to be negative which is a clear indication that these reactions are highly exothermic.
Electronic Properties
Natural Population Analysis (NPA)
The NPA charges on the metal(II) ions in the complexes investigated are listed in Table   3 . The positive charge on each metal ion in the complexes is less than +2, the charge on the free state metal ion, whereas the magnitudes of the negative charges on the chloride ions in the complexes is lower than −1, the charge on the free state chloride ion. This result indicates that electron transfer from the ligands to the metal ions occurred during the formation of the coordination bonds. This charge transfer is greatest for the Fe(II), Ni(II) and Co(II) complexes and least for the Cu(II) complexes. From this observation, it can be concluded that the metal-ligand bonds in the Fe(II) Ni(II) and Co(II) complexes are stronger than those in the Cu(II) complexes. This is corroborated Table 3 . Variation of natural population atomic charges (e) at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 
Reactivity Descriptors
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are very important parameters for quantum chemistry. The frontier orbital gap helps to characterize the chemical reactivity and kinetic stability of molecules. A molecule with a small frontier orbital gap is more polarizable and is generally associated with a high chemical reactivity, low kinetic stability and is also termed soft molecule. The eigenvalues of the HOMO and LUMO as well as their energy gap reflect the chemical reactivity of a molecule. A large HOMO-LUMO energy gap has been associated with high stability of molecules [23] . The chemical potential (μ), global hardness (η) and electrophilicity (w) are global descriptors which indicate the overall stability of a chemical system [24] - [27] . The values of some global reactivity descriptors investigated in this paper are presented in Figure 2 (Table 4) . It can be seen from this table that the largest HOMO-LUMO energy gaps (∆E H-L ) and chemical hardness (η) values correspond to the Cu(II) complexes (1d, 2d, 3d and 4d) and the Co(II) complexes (1b, 2b, 3b and 4b), indicating that they are kinetically more stable and less reactive than the rest of the complexes. It is also observed in Figure 3 that Fe 2+ complexes are the most reactive complexes in each series with the lower value of chemical hardness. The other reactivity descriptors presented in this figure have shown the same reactivity trend for these complexes (Table 4 ). 
Infra-Red Spectroscopy
To the best of our knowledge, no IR spectral data is available in the literature for the complexes investigated in this research endeavor. The DFT/B3LYP method in conjunction with a doubly split valence basis set along with diffuse and polarization functions, 6-31+G(d,p) and LANL2DZ for the central metal(II) ions was used to calculate harmonic vibrational frequencies of the glyoximes complexes studied. IR frequencies of two complexes (1a' and 1b') were also calculated using different basis set (B3LYP/6-31+ G(d,p)/SDD for metal ion) with same method in order to study the effect of basis set in the frequency calculation. The Gauss View 5.0.8 molecular visualization program was used to perform the IR vibrational band assignments for the molecules. Although experimentally determined IR vibrational frequencies were not available for these molecules, the calculated values were still scaled down because the DFT/B3LYP method tends to overestimate normal mode frequencies due to a combination of electron correlation effects and basis set deficiencies [28] . Scaling factor for B3LYP/LANL2DZ level is 0.9978 [29] . Given the fact that this factor is very close to unity, coupled with the fact that LANL2DZ has only been used for the central metal ions, the scale factor for B3LYP/6-31+G(d,p) with numerical value 0.9614 was used for same reason [29] - [31] to scale down the computed IR frequencies. Also, it is worth noting that in a preliminary study, the IR frequencies were calculated at B3LYP/6-31+G(d,p)/(SDD for metal ions) for some of the complexes in order to compared with those calculated at B3LYP/6-31+ G(d,p)/(LANL2DZ for metal ions) and very little discrepancies were observed with the calculated frequencies.
IR vibrations of the OH group are generally found to be most sensitive to the environment. As such, they show pronounced shifts in the spectra of the hydrogen-bonded species. The optimum absorption region of non-hydrogen bonded or a free hydroxyl group is 3550 -3700 cm −1 [32] . In the case of their presence in a molecule, intra and intermolecular hydrogen bonding reduces the O-H stretching band to 3000 -3550 cm As a general observation in Table 5 
Absorption Spectra Analysis
The absorption spectral simulation of 3d metal(II) glyoximes complexes have been performed using Time-Dependent DFT calculations at the Cam-B3LYP/6-31G+(d,p)/ (LanL2DZ for metal(II) ions) levels of theory in gas phase. The calculated absorption energy, corresponding oscillator strength and orbital coefficients are summarized in Table 5 . Calculated vibrational frequencies (cm −1 ) at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 1a': Calculated frequencies of Fe(II) complex with ligand 1 at B3LYP/6-31+G(d,p)/(SDD for metal ion). 1b': Calculated frequencies of Co(II) complex with ligand 1 at B3LYP/6-31+G(d,p)/(SDD for metal ion). Table 6 . To obtain the nature and the energies of the electronic transitions within the investigated complexes, the first twenty low-lying excited states have been calculated. The absorption energies with first two higher oscillator strengths are considered throughout the discussion in this paper. The TD-DFT results in Table 7 have shown that the lowest energy transition in the complexes correspond to electronic excitations from HOMO to LUMO. The absorption intensity is directly related to the dimensionless oscillator strength value and the dominant absorption bands are the transitions with highest oscillator strength.
For the first series of complexes, the most intense band was observed at: 295.02, 326.80, 216.88 and 264.83 nm for the 1a, 1b, 1c and 1d complexes respectively. As evidenced in Figure 4 (a), the absorption band for complex 1c has been found to be the most intense, with high oscillator strength, 0.4923. The intensities of the absorption Table 6 . Computed UV-Vis absorption bands, dominant transitions, and oscillator strengths (f) of metal 3d glyoximes complexes at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). Table 7 have revealed that 64.44% of the electron density in HOMO − 7 of 1c is localized mainly on the two chloride ligands and 61.81% of the electron density in LUMO + 1 is localized on the metal ions, hence the character for this transition is mainly ligand-to-metal charge transfer (LMCT).
For the second series of complexes containing dimethylglyoxime as one of the ligands, the maximum absorption bands appeared at: 356.69, 316.65, 214.29 and 272.61 nm for the 2a, 2b, 2c and 2d complexes respectively. It is clear from Figure 4 (b) that the absorption band for complex 2c with high oscillator strength, 0.4516 is the most intense. For this series, absorption intensities decrease in the order: 2c > 2a > 2d > 2b. As such, the most intense band in 2c is due mainly to the transition HOMO − 8 → LUMO + 1. On the basis of the molecular orbital compositions in Table 7 , the electron density in HOMO − 8 is localized mainly on the two chloride ligands (65.56%), and that of LUMO + 1 is localized mainly on the metal ions (62.15%), hence, the HOMO − 8 is essentially the p-type orbitals p(Cl) on the chloride ligands (donors) whereas LUMO + 1 is mainly the d-type orbital, d(Ni) on nickel(II) ion (acceptor). Therefore, the transition character of the most intense band in 2c is principally ligand-to-metal charge transfer (LMCT). In the case of the third series, the maximum absorption bands are: 364.96, 330.42, 304.56 and 340.27 nm corresponding to the 3a, 3b; 3c and 3d complexes respectively. Hence, the most intense band with high oscillator strength (0.3154) is exhibited by 3a. The intensities of the dominant transitions in this series can be classified in the increasing order: 3a > 3c > 3d > 3b (Figure 4) . The maximum absorption band in 3a corresponds to the transition HOMO -2 → LUMO. From the molecular orbital compositions in Table 7 , it is clear that the electron density in HOMO − 2 is mainly localized on the diphenylglyoxime ligand (88.94%) and that of the LUMO is similarly localized on the central metal (76.66%). As such, the HOMO − 2 is a π-donor and the LUMO is the d-type orbital of Fe. The main transition character of the most intense absorption band in 3a is ligand-to-metal charge transfer (LMCT).
For the last series of complexes studied, the maximum absorption bands are respectively 390.02, 459.55, 349.24 and 326.52 nm for the 4a; 4b; 4c and 4d complexes. Clear from Table 7 , the highest absorption energy was observed for the 4a complex (3.1790 eV) corresponding to the HOMO -4 → LUMO + 1 transition. From the molecular orbital composition analysis result in Table 7 , it is obvious that the electron density in HOMO − 4 is mainly localized on the two chloride ligands (72.88%) and that of the LUMO + 1 is localized mainly on the metal ion which has contributed 68.04% of it, and the ligands (L) that have contributed 23.66%. It can be concluded from these results that the most intense electronic band in 4d has a mixed ligand-to-metal charge transfer (LMCT) and ligand-to-ligand charge transfer (LLCT) character (Table 6 ).
Conclusion
DFT and TD-DFT calculations were used to investigate the molecular properties of some 3d metal (II) chloride glyoxime complexes. The optimized geometries of the complexes studied revealed a nearly square planar geometry around the central metal ion in each complex. Our results showed the existence of hydrogen bonds between the two OH groups of glyoxime and the two chloride ligands in all complexes investigated, which significantly contribute toward the stabilization of the complexes. As a general observation for all the metal ions studied, the ligands showed the greatest affinity toward the nickel(II) ion and the least affinity toward copper(II) ion. For the complexes studied, all complexation reactions were found to be thermodynamically feasible and exothermic. Natural population analysis showed the possibility of ligand-to-metal charge transfer. Electronic absorption bands obtained in the UV/Visible region have been attributed mainly to MLCT, LMCT and d-d electronic transitions involving metal-based orbitals.
